The two-dimensional intergranular stress corrosion cracking (IGSCC) growth model has been developed to simulate branching cracks of IGSCC. In the model, the IGSCC is grown using the "grain-scaled" factors such as the length and strength of grain boundary and so on. Especially, the corrosion of grain boundary and the influence of shear stress acting on the grain boundary are introduced in the model. Using the model, computer simulation of crack growth was carried out under several load conditions with changing the ratio of axial to shear stress against the grain boundary. As a result of the simulations, we found out that the cause of crack branching was the influence of shear stress against the grain boundary, and that the synergistic effect of shear stress and corrosion of grain boundary leads to the oblique crack growth.
Introduction
Stress corrosion cracking (SCC) is caused by synergistic effect of material, stress, and aqueous environment, and one of the main causes of the trouble in the nuclear power plant. In order to prevent the trouble beforehand, it is necessary to predict the time of SCC initiation and SCC growth, and make provisions against SCC. To date, for SCC growth, several models using rate equation theory has been proposed (1) - (5) . However, crack branching phenomena was often observed in the process of the crack growth in experimental analyses (6) - (10) and actual boiling water reactor (BWR) (11) . Thus, for the SCC analysis with computational approach, the new SCC growth model considering crack shape is required. SCC takes place by the interaction of three kinds of factors; material, stress, and aqueous environment. Thus, it is extremely difficult to examine the effects of all these factors on SCC behaviors. However, since SCC has unique crack shape, it would be possible to specify the main factors of SCC behaviors roughly as a reverse-problem technique as follows; several factors of SCC is set to some parameters of the model, and the value of parameters that re-create the SCC shape is obtained. The obtained parameters would be the main factors of SCC. Using this approach, it is useful for calculating the computational atomistic approach and experimental analyses, and considering these research totally, it would be expected to clarify the basic mechanisms of SCC.
In this study, two-dimensional intergranular stress corrosion cracking (IGSCC) model was developed. As parameters that characterize IGSCC behavior, strength of grain boundary, influence of shear stress, and corrosion of grain boundary were taken in consideration. The crack growth simulations of type304 stainless steel at 400°C were carried out using the model, and we tried to specify the main factors of making IGSCC behaviors.
Two-Dimensional IGSCC Growth Model
In this section, two-dimensional IGSCC growth model which re-create the SCC shape is developed. Especially, we focus on the crack branching. In order to re-create the SCC shape, we make attempt to develop novel IGSCC growth model in which several "grain-scaled" factors (~100µm), strength of grain boundary, influence of shear stress, and corrosion of grain boundary, are introduced to the parameters. In the subsection follows, we discuss how to introduce the parameters, calculation of stress values around crack tip, stress dispersion due to crack branching, and procedure of the simulation.
Parameter Setting of Grain-Scaled Factors

Strength of Grain Boundary
Strength of grain boundary is different with kinds of grain boundary, dislocation, and so on. Moreover, most of grain boundaries are random grain boundary. Therefore, it is difficult to quantify the cohesive energy of grain boundaries. However, both type304 and type316 which are used as a material of core shrouds in boiling water reactors, have face centered cubic (FCC) atomistic structure. Since there are many slip planes in FCC structure, the variations of the strength of grain boundary would become small due to slip dislocation. In the model, we define the strength of grain boundary as the base strength with small fluctuation using normal distribution function, 
Influence of Shear Stress
Appling load to the system makes dislocations into the grains, which is located at large stressed region, and plastic deformation occurs. Therefore, for the stress condition of fracturing grain boundary touched to crack tip, we would not need to consider only vertical stress, but also shear stress at the grain boundary. In the model, the net stress η which makes intergranular fracture is defined as ατ σ η + = (2) where σ and τ are the vertical stress and shear stress at the grain boundary, respectively, and α represents the shear stress parameter. The reason that η is not defined as the root mean square of σ and τ , but defined as Eq.2 including the parameter α is as follows; shear stress does not affect intergranular fracture directly, but affects indirectly through the complex synergistic effects of several factors, such as vacancies, dislocation due to vertical stress and shear stress at the grain boundary. However, we cannot acquire the effect of shear stress on the fracture through these phenomena quantitatively. Taking various values of α , the influence of shear stress on the fracture can be controlled in the simulation.
Corrosion of Grain Boundary
For the corrosion of grain boundary, we introduce next assumption; when the stress that acts on the grain boundary is very weak, the influence of stress factor on fracture process weakens relatively to the influence of corrosion, and the effect of grain boundary degradation due to corrosion for grain boundary fracture becomes dominant. In the model, the influence of corrosion is replaced with the iteration number C which is needed to fracture the grain boundary due to corrosion in the simulation. The details of C is described in Sec.2.4 and Fig.6 .
Calculation of Stress around Crack Tip
In the model, we obtain the vertical stress and the shear stress at the grain boundary touched to crack tip using the analytical equations of polar stresses at a wedgelike notch and those of stress intensity factor at microcrack in the infinite parallel-plate. Figure 1 shows the example of the crack which length is a . The vertical stress and the shear stress at the point which has the length from crack tip r ( r was set to the middle position of the grain boundary, see Fig.1 ) and the angle θ from the x-axis are obtained using the equations follows (12) , ( (6) where 0 σ is the tensile stress, and a is the half length of microcrack, and φ is the angle between the direction of microcrack and that of tensile stress.
Stress Dispersion due to Crack Branching
It is clear that crack branching makes stress around crack tips be dispersed. However, there are only the parameter of crack length and angle in Eq.3-Eq.6, and then the stress dispersion cannot be obtained using these equations. Magdowski et. al.(1985) defined the stress intensity factor for the crack divided into n branches as
where k and K represent the stress intensity factor for the branching crack and no branching crack, respectively (13) .
One of the problems of this definition is the quantification of n . In the model, we assume that two types of branching cracks are regarded as no branching cracks shown in Fig.3 . In Fig.3(a) , the crack has two branches, pretty short branch (branch I) and pretty long branch (branch II), and the absolute value kind of crack branching would be small. In Fig.3(b) , the crack has two pretty short branches (branch III and branch IV), and the length between tips of branch III and branch IV ( ) ( ) , y x are the positions of tips of branch III and branch IV, respectively. In this case, two branches would be regarded as "one crack" and there would be little effect of crack branching. In the model, we define the number of branching by counting the branches which does not satisfy the two assumptions above. Figure 4 shows the sample branching crack. It is assumed that the starting point of the crack is left-side, and crack grows along the x-axis.
( Fig.4) , the branch is regarded as a part of branches in Eq.7. According to these rules, branch 2 belongs to the square region, and branch 3 does not belong to any square regions, then the number of branches n in Eq.7 becomes 2. Figure 5 shows the flow of the simulation.;
Simulation Procedure
(1) Two-dimensional system including grains is prepared, and the strength of grain boundary to (2) . Figure 6 shows the corrosion process in the model. In this sample, iteration number which is needed to fracture due to corrosion in the simulation C is set to 2.
(step 1) BG1 which has largest net stress is assumed to "corrosion boundary", and "corrosion count" of GB1 is set to 1. (step 2) BG2 is assumed to corrosion boundary, and the corrosion count of GB1 becomes 2.
(step 3) Since the corrosion count of GB1 is reached to the iteration number C , GB1 is fractured.
(step 4) BG3 is assumed to corrosion boundary, and the corrosion count of GB2 becomes 2.
(step 5) Since the corrosion count of GB2 is reached to the iteration number C , GB2 is fractured.
(step 6) BG4 is assumed to corrosion boundary, and the corrosion count of GB3 becomes 2. In the analyses of this study, we adopted this procedure for the corrosion process, but for setting the iteration number 3 = C .
TYPE304 Stainless Steel IGSCC Growth Analyses
In this study, we applied the model to type304 stainless steel at 400°C, and carried out the two-dimensional IGSCC analyses. Considering situation is, for example, the region around crack tip of compact tension type specimen shown in Fig.7 . The system which size is 10mm x 10mm was considered, and grains (~100µm) are allocated to the system using two-dimensional Voronoi space division (14) .
Since using two-dimensional model, it is difficult to apply experimental data, yield stress and load condition, to the model. Thus, quasi-three-dimensional system which size is 10mm x 10mm x 1mm was prepared instead of two-dimensional system, and applied the model to this system. Since the yield stress of type304 stainless steel at 400°C is about 120MPa, the strength of grain boundary and 10% fluctuation were set to 60MPa and 6MPa, respectively (15) . Load conditions L were 100N and 600N. For the fracture of grain boundary, the influence of corrosion is dominant at N L 100 = , and Fig.6 Corrosion process in the model. Solid line represents grain boundary and white line represents corrosion boundary. In this sample simulation, iteration number needed to fracture the grain boundary due to corrosion C is set to 2. Fig.7 Schematic view of type304 compact tension type specimen. In the study, the gray region was analyzed using the developed model. 
Results and Discussion
The results are shown in Fig.8 . Figure 8 , these parameters mean that the influence of corrosion is dominant and the influence of shear stress is large for the grain boundary fracture. The result is similar to that in Fig.8(c) , and moreover, characteristic crack growth swerving from x-axis was shown. This behavior would occur because the crack growth become slowly due to the influence of corrosion, the effect of shear stress on the crack growth direction appears significantly. and the direction of loading to the specimen is along y-axis. The bifurcation of crack with many small branching was observed in this specimen. Figure 11 shows the optical microscopic observation of cracks in the actual BWR core shroud (11) . The tensile residual stress by welding was presented in this sample. For the result of compact tension test, the crack branching are shown at the "bough" of the crack, and the crack branching and propagation swerving from x-axis are shown at the "trunk" of the crack. These crack shapes are relatively similar to the analytical results using our models in Figure 8 . In the case of actual BWR core shroud, small crack branching spread widely by the effect of welding residual stress. This tendency is also observed in the analytical results of our model. It is concluded that the influence of shear stress would be main factor for crack branching, and the characteristic crack growth to oblique direction occurs due to the synergistic effect of the influence of shear stress and the influence of corrosion.
Summary
In this study, two-dimensional IGSCC crack growth model has been developed. In the model, several "grain-scaled" effects, strength of grain boundary, influence of shear stress, and corrosion of grain boundary, have been parameterized. Using the model, type304 stainless steel at 400°C which size was 10mm x 10mm x 1mm has been analyzed, and the crack growth was simulated by the difference of the parameters. From the results, we have obtained the conclusions; (1)The main factor of crack branching is the shear stress effect. ( 2)The crack growth to oblique direction occurs by the synergistic factor of shear stress and corrosion of grain boundary.
In the model, various assumptions were used to introduce the parameters because it has been difficult to obtain accurate physical values about these parameters. Since physical evidence is poor for setting of these parameters, further research is required to confirm the conclusion. However, these analyses are the initial approaches to specify the factor to re-create the characteristic SCC shape like crack branching as reverse-problem technique.
